The scale of variation in population densities and other demographic variables is an important consideration in the design and interpretation of experiments and sampling programs. Here, we studied spatial and temporal variation in populations of Corophium volutator, an intertidal amphipod that is the most abundant macro-invertebrate on mudflats in the upper Bay of Fundy, Canada. Variables that were quantified included density (peaked in mid-summer at 10,000s per m 2 ), proportion juvenile (an index of population structure), sex ratio (female-biased throughout the year), proportion of females that were ovigerous (reproduction occurs between May and August), and fecundity (number of embryos per female). We studied populations at 4 different sites, i.e., separate mudflats, for 1-2 years, and estimated variance components at 3 spatial scales: metres (samples), 100s of metres (transects) and many kilometres (mudflats). Population density exhibited low variation between years (, 10% of the random variation), but showed high variation at our smallest and largest spatial scales (45% between samples, 2% between transects, and 40% between mudflats), i.e., the distribution of C. volutator within a mudflat was aggregated at the scale of metres, but not at that of 100s of metres. Thus, relatively few transects, but many samples per transect, are required for good representation of density on a mudflat. Fecundity was similar between mudflats, but proportion juvenile, sex ratio, and proportion of ovigerous females were strongly affected by site or the interaction between month and site (. 60% of the random variation in each case). The high variation observed between mudflats for most demographic variables demonstrates that several control sites are necessary for measuring natural variation, a critical consideration in studies of environmental impacts.
INTRODUCTION
The spatial and temporal scale of an investigation can have profound effects on patterns of distribution and abundance of organisms that one observes, and on processes that one detects to underlay them (Wiens, 1989; Levin, 1992; Gardner et al., 2001; Fraschetti et al., 2005) . This is because both heterogeneity in patterns and relative importance of ecological processes, e.g., interspecific and intraspecific interactions, habitat selection, environmental heterogeneity and stochastic events, are highly scale-dependent, and a researcher may or may not detect these, depending on the grain (experimental/sampling unit) and extent of his/her study (Gardner et al., 2001; Fraschetti et al., 2005) . From a technical framework, knowing the scale at which population or community variables show the most variation is also important for designing experiments and sampling programs (Elliot, 1977; Green, 1979; Underwood, 1997) . For example, it enables one to choose an appropriate size for the experimental or sampling unit to minimize variance between replicate units. As well, it allows one to optimize a sampling design to have adequate power: the scale which shows the highest variation is that to which the highest sampling effort should be allocated to ensure adequate replication.
We examined the scale of variation for populations of the intertidal amphipod Corophium volutator (Pallas, 1766) . This species is an important link in the food web of mudflats in the upper Bay of Fundy, Canada. Mudflats in this area are extensive (some reaching over 1000 ha) as a result of an extreme tidal range up to 12 m or more in the upper bay (Desplanque and Mossman, 2004) . Films of benthic diatoms grow rapidly and are dominant primary producers on the rich nutrient media provided by the mudflat (Hargrave et al., 1983; Trites et al., 2005) . These diatom films support various invertebrates, including dense populations of C. volutator, which live in U-shaped burrows in the mud (Hicklin et al., 1980; Pelegri and Blackburn, 1994) . These amphipods can reach densities of 60,000 individuals per m 2 or more in the summer (Peer et al., 1986; Barbeau and Grecian, 2003; Hamilton et al., 2003) , and are the primary food for migratory shorebirds (Hicklin and Smith, 1979; Mawhinney et al., 1993) and fish (Salinas, 1981; McCurdy et al., 2005) . The importance of mudflats (and residing C. volutator populations) in the upper Bay of Fundy as staging areas for migrating shorebirds has resulted in this region being designated part of the Western Hemisphere Shorebird Reserve Network (Shepherd and Boates, 1999) . Hence, in addition to the important role C. volutator plays in carbon transfer on mudflats in the upper Bay (Hawkins, 1985) , the species is important in a shorebird habitat conservation context.
Limited attention has been given to assessing the scale at which C. volutator and other community components vary, or the scale at which processes affecting these components operate on mudflats in the Bay of Fundy, despite intense interest in the migratory shorebirds, their main prey (C. volutator), stability of sediments on mudflats and the JOURNAL OF CRUSTACEAN BIOLOGY, 29(4): 491-506, 2009 possible impacts of human activities (Gordon and Dadswell, 1984; Daborn et al., 1993; Shepherd and Boates, 1999; Hamilton et al., 2003; Wells et al., 2004) . Wilson (1988) found differences in density and demography of C. volutator near shore compared to further from shore on a mudflat, and Forbes et al. (1996) and McCurdy et al. (2000a) observed that elements of the reproductive biology of C. volutator, namely mate-searching in males and molting synchrony in females, occurred at a scale of 10s of m. As well, Wilson (1990) , Boates et al. (1995) , and Hamilton et al. (2003) have some evidence that withinmudflat variation in density or foraging effort of the Semipalmated Sandpiper (most common small shorebird; Hicklin, 1987) reflected density or presence of C. volutator. However, the relationship between shorebirds and C. volutator was stronger between sites than within sites, indicating that birds may be selecting habitats on a relatively large scale (Hicklin and Smith, 1984; Wilson, 1990; Hamilton et al., 2003; Sprague et al., 2008) . In Europe, studies focusing on the distribution of C. volutator have found that amphipods were aggregated at small scales (0-6 cm), intermediate scales (1 m to 1 km) and large scales (. 1 km), possibly reflecting intraspecific interactions, interspecific interactions and environmental heterogeneity (specifically, type of sediment), respectively (Flach, 1992; Flach and de Bruin, 1993; Flach, 1996; Lawrie et al., 2000) . An examination of variation in density and demography of C. volutator across multiple scales concomitantly is lacking in North America.
In this study, we undertook an assessment of C. volutator population variables both within and across mudflats in the upper Bay of Fundy, paying particular attention to the scale at which variation occurs. We quantified variation in population density, population structure and reproductive biology of C. volutator at the level of metres (samples), hundreds of metres (transects) and many km (mudflats) using hierarchical sampling (Lindegarth et al., 1995; Underwood, 1997) . We also examined variation in demographic variables within a year and between years. We discussed our results in the context of what is currently known about the population dynamics of C. volutator in the upper Bay of Fundy. Finally, we provided recommendations for sampling populations of C. volutator. For our study, we selected mudflats that historically have had populations of C. volutator and that are usually visited by shorebirds (see Hamilton et al., 2003 , for shorebird use of our sites during this study). Knowledge of the scale(s) of variation for C. volutator has strong implications in the design and interpretation of past and future sampling programs and experiments. Such an understanding becomes increasingly important as human impacts on mudflats grow, and the need to appropriately evaluate them increases (Wells, 2003) .
MATERIALS AND METHODS

Description of Sites and Sampling Procedure
The upper Bay of Fundy divides into two basins, Chignecto Bay to the northeast (which further divides into Shepody Bay and Cumberland Basin) and Minas Basin to the east. We initiated the sampling program in April 1999 at two sites, Grande Anse, NB (45u49.929N, 64u30.839W, in Shepody Bay), and Minudie, NS (45u45. 809N, 64u23.409W, in Cumberland Basin) .
In May 2000, we added two other sites, Daniels Flats, NB (45u47.189N, 64u37.139W, in Shepody Bay), and Avonport Beach, NS (45u06.679N, 64u14.419W, in Minas Basin) (see also Fig. 1 in Hamilton et al., 2003) . These sites are large intertidal mudflats ranging from about 230 ha for the smallest (Avonport Beach) to 1500 ha for the largest (Daniels Flats). The particle-size profile of the mud at the sites is dominated by fine silt (, 60 mm particle size).
We sampled the first two sites on 10-12 April, 12-13 May, 11-12 June, 8-9 July, 16-17 August, 18-19 September and 30-31 October 1999, and 29-30 January, 14-15 March and 15-16 April 2000 for the first year. We then sampled all four sites on 9-12 May, 9-12 June, 10-13 July, 5-8 August, 3-6 September, 3-6 October and 3-6 December 2000, and 16-19 March, 16-19 April and 14-17 May 2001 for the second year. At each site, two transects were set up perpendicular to the low water line (magnetic bearing: 126.9u for Daniels Flats, 281.5u for Grande Anse, 323.8u for Minudie, 89.8u for Avonport Beach), beginning at the transition between the gravelly beach or salt marsh and the mudflat, and were separated by 500-2000 m. The transects were 600 m long in the first year and 900 m long in the second year, at an average of 8.6 m above chart datum at the shallowest sampling point and , 2.6 m height between the first and last sampling point on a transect. We collected core samples of brown, oxygenated mud (105 mm diameter and 30-105 mm deep, with depth determined by the thickness of the aerobic layer) along the transects in a stratified random manner with two samples collected between each of 200-300 m, 300-400 m, 400-500 m and 500-600 m, for a total of 8 samples per transect in the first year. For the second year, additional single samples were collected between each of 100-200 m, 600-700 m, 700-800 m and 800-900 m, for a total of 12 samples per transect. In all cases, samples were separated from each other by at least 20 m. Occasionally (17% of site-transect-month combinations), one or a few samples were missing due to inclement weather or low tides that were not low enough.
Within 12 h of collection, we sieved core samples with a 250-mm sieve (Crewe et al., 2001; Barbeau and Grecian, 2003) . Material collected in the sieve was preserved in 95% ethanol, and later sorted under dissecting microscope and C. volutator individuals counted. All individuals in a sample, or a random sub-sample of at least 70 individuals from densely populated samples, were measured (as body length from tip of rostrum to end of telson) using an ocular micrometer, and adults (defined as individuals $ 4 mm body length, as in Schneider et al., 1994) were sexed. These data were used to calculate proportion of juveniles (number of juveniles/total number) and construct size distributions. In large samples with proportionally many juveniles and few adults, which had been subsampled, all adults were subsequently also measured and sexed, and all available data were used to calculate proportion female (number of females/number of females and males), proportion of females that are ovigerous (females carry developing embryos in a thoracic brood pouch) and mean adult size per sample. Note that , 2% of adults were intersex individuals; intersex data were presented in Barbeau and Grecian (2003) .
For the second year (May 2000 -May 2001 , two additional samples per transect were collected (one between 200-300 m and the other between 600-800 m) from areas with many C. volutator burrows, placed in sea water, and gently sieved or picked at with tweezers to collect ovigerous females and to minimize brood loss. These females were preserved individually, and later the embryos per ovigerous female were counted and staged as in Peer et al. (1986) .
Statistical Analysis
We analysed total density of C. volutator over the two sampling years (from April 1999 to May 2001) at two sites (Grande Anse and Minudie) using mixed-model ANOVA with Month as a fixed factor, and Year, Site and Transect (nested in Site) as random factors. Site was considered random because four sites of a larger number of possible mudflats were chosen, and it afforded us the opportunity to draw general conclusions about the level of variation among sites, rather than restrict interpretation to the sites included in the study. For the year-related analyses, we balanced the design to 8 samples per transect by only including the samples between 200 and 600 m. For the second year's data set (May 2000 to May 2001 at all four sites, we analysed total density, and densities of adults, males, females, ovigerous females and juveniles using mixedmodel ANOVA with Month as a fixed factor, and Site and Transect(Site) as random factors. For statistical analysis, we pooled samples within transects to calculate proportion juvenile, proportion female, proportion ovigerous and mean adult size; this limits our evaluation of variation of these particular response variables at the scale of samples (m), but was necessary because proportions calculated per sample showed large variability (occasionally varying wildly between 0 and 1 due to low numbers of individuals present in some samples). Proportions and mean adult size were then analysed using mixed-model ANOVA with Month and Site as fixed and random factors, respectively. The Grande Anse site was not included in the analyses of proportion female, proportion ovigerous or mean adult size because of overall low C. volutator numbers. We also graphically presented proportion female and proportion ovigerous for different size classes; for these graphs, the data were pooled over all samples within a site to have enough data per size class.
We determined appropriate denominators for F-ratios in the various mixed-model analyses following Underwood (1997) . For the analyses with Year, we tested three sources of error (Month, Site and Month*Site) with quasi F-ratios calculated using combinations of mean squares (Winer et al., 1991) . For all analyses, we assessed homogeneity of variance using Cochran's test, and transformed data using the Box-Cox method of power transformations when necessary (Draper and Smith, 1998) . Normality of residuals was checked visually after performing analyses, and was met in all cases. Since the various densities as well as proportions were related, we applied a Bonferroni-style adjustment in which the critical a level was adjusted to maintain the overall 0.05 experiment-wise error rate.
For the fixed factor (Month) in ANOVAs, we conducted multiple comparisons (Sokal and Rohlf, 1981) to aid our presentation in the results (but in the interest of brevity we did not present these comparisons). For the random effects (Year, Site, Transect(Site), and interactions with a random factor), we estimated variance components using the results of analysis of variance to assess the proportion of random variation explained by the various random effects (Winer et al., 1991; Searle et al., 1992) . For the variance component calculations with nearly balanced data (i.e., densities in the second sampling year), we used the harmonic mean sample size (i.e., n 5 11.6) (p. 219 in Searle et al., 1992) . When a variance component estimate was negative, we replaced it with zero (Searle et al., 1992) .
Ovigerous females were sometimes absent from samples specifically collected during the reproductive period for assessment of fecundity; thus, the data set for number of embryos per female in every site-month combination was not fully orthogonal. For the first and second stage of embryo development (Peer et al., 1986) , we first examined the effect of site on number of embryos per female by pooling over months and conducting an ANCOVA with site as a random factor and female size as a covariate. We then examined the effect of month on number of embryos per female by pooling over sites and conducting an ANCOVA with month as a fixed factor and female size again as a covariate. These analyses assumed that there was no interaction between site and month, which seemed reasonable based on a graphical examination of the data. We applied a Bonferroni-style adjustment to the critical a level to alleviate a possibly increased experiment-wise error rate. Assumptions of normality and homogeneity of variance were met. The assumption of parallel slopes for the ANCOVAs was assessed by estimating the interactions with the covariate. When this assumption was not met, we used the JohnsonNeyman technique to estimate the region of non-significance on the covariate (Huitema, 1980) . The strength of association between various proportions and mean adult size was examined using Pearson's correlation analysis (Sokal and Rohlf, 1981) .
RESULTS
Variation in Density of Corophium volutator
Total density of C. volutator in Grande Anse and Minudie did not vary greatly between consecutive years in the two analyses conducted (Table 1 , Fig. 1 ). In the analysis comparing April and May over 3 years (1999, 2000 and 2001) , only the interaction between year and site approached significance (Table 1 ). In the analysis comparing 8 months over 2 years, there were a number of significant interactions, including the three-way interaction between year, month and site. Total density at both sites decreased strongly in August-September in 1999, but decreased less strongly and only starting in September in 2000 (Fig. 1) . Other than the strong decrease in late summer 1999, total density was higher in Minudie than Grande Anse (Fig. 1) . For both the 3-year and 2-year analyses, estimation of variance components indicated that Table 1 . Results of mixed-model ANOVAs for total density of Corophium volutator (number m 22 , data transformed using log 10 (datum + 0.01)) at 2 sites, Grande Anse and Minudie, in the upper Bay of Fundy, Canada. The first analysis examined density in April and May over 3 years (1999, 2000 and 2001) . The second analysis examined density in 8 months (Apr., May, Jun., Jul., Aug., Sep., Oct., and Mar.) over 2 years between 1999 and 2001. The F-ratios and associated P-values identified with a star were quasi F-ratios (Winer et al., 1991) . Variance components were estimated for random effects only. most of the random variation was between samples (i.e., error term) and between sites (Table 1) . A relatively small amount of random variation was attributed to year or interaction terms with year. When all 4 sites were sampled in the second year, the various densities of C. volutator (total, adult, male, female, ovigerous female and juvenile) varied significantly over the different combinations of month and site (Table 2) . Specifically, in Daniels Flats, Minudie and Avonport Beach, total density increased from May to August, and then generally decreased until the following May ( Fig. 1  and 2 ). In Grande Anse, total density was low and fairly variable. Adult density in Daniels Flats and Minudie declined from May to June, reached a peak in July, followed by another decline in August-September (Fig. 1) . Adult density in Avonport Beach was very low in May, and then showed a strong peaked in July, a decline in August, a recovery in September-October, and a slow decrease through the winter (as also observed in Daniels Flats and Minudie) (Fig. 1) . After a sharp decline from May to June, adult density in Grande Anse only showed an increase in the fall (Fig. 1 ). Temporal patterns of male density and of female density both resembled that of adult density at each site (see also Fig. 1 in Barbeau and Grecian, 2003) . Ovigerous females were present in May, peaked in density in June or July in Daniels Flats, Minudie and Avonport Beach, and essentially disappeared in September until the following May (Fig. 3) . Juvenile density showed a relatively more consistent pattern between sites than adult density (Fig. 1) ; it generally increased from May at all sites, peaking in mid-to late summer before decreasing through the rest of the year. The juvenile peak can be particularly high, with samples reaching between 100,000 and 146,000 juveniles m 22 (in 7 out of 24 samples in August in Avonport). Juvenile density at Grande Anse appeared to have a second, small peak in OctoberDecember (Fig. 1) .
Variance components indicated that variation between samples (error term) and between sites accounted for most of the random variation for total, adult, male, female and juvenile densities (Fig. 2, Table 2 ). Variation between samples was higher, reflecting a patchier distribution, at some sites (Avonport had a coefficient of variation for total density 5 112 to 377% for the different months; Grande Anse, 112 to 449%) than others (Daniels Flats, 25 to 164%; Minudie, 72 to 189%). Variation between transects within sites, and due to the interaction between month and transects was small. Variation due to the interaction between month and site was intermediate. For the density of ovigerous females, most of the random variation was between samples, followed by that due to the interaction between month and site, and then that between sites. Similar to the other densities, random variation between transects and due to the interaction between month and transect was small.
Variation in Population Structure of Corophium volutator
The size distributions clearly showed the over-wintering generation of C. volutator maturing and reproducing in May, such that the young juveniles of the subsequent generation (typically called the summer generation) appeared in early June (Fig. 3) . In addition in June, females of the over-wintering generation had grown to 4.5 to 8.7 mm body length in Daniels Flats, Grande Anse and Minudie, and 6.4 to 10.3 mm body length in Avonport Beach, and were still reproducing (40-57% of these females were ovigerous). The small juveniles in June grew very fast and were ready to reproduce in July; 0-17% of these new females (4.0-7.5 mm body length) were ovigerous. In July, the old over-wintering generation ($ 7.5 mm body length) was still present and reproducing, with 38-56% of the females being ovigerous. In August, the old over-wintering generation has disappeared, whereas the early summer cohort (released in June) has grown to be . 8.0 mm body length (most visible at Daniels Flats), and 21-53% of these females were ovigerous. The later summer cohort (released in July by young June mothers and old over-wintering mothers) were now reproductive, and 1-24% of these females (4.0-8.0 mm body length) were ovigerous. The young juveniles in August-September, which form the next winter generation, grew slowly throughout the fall and winter to reach maturity the following May. There were also site differences in size distribution: namely, the dynamics were more advanced for Avonport Beach (in Minas Basin) than for the sites in Chignecto Bay.
At all sites, proportion juvenile, a measure of population structure, was very low in May, increased dramatically in June, dipped in July and peaked again in August-September, and then decreased through the fall and winter (Fig. 4, Table 3 ). The fall-winter decrease was relatively slow in Daniels Flats, Minudie and Grande Anse, but quite fast in Avonport Beach. Random variation between transects (error term) was relatively low (Table 3) . It was highest for the interaction between month and site. Within a month, proportion female (calculated by pooling all samples within a site) generally increased with body size of adults (Fig. 5) . Small adults (4-5 mm) showed a slight bias towards females in Daniels Flats, Minudie and Grande Anse. The bias increased such that large individuals (. 8 mm) were usually female. In Avonport Beach, the bias towards females was strong even for small adults. Proportion female (calculated per transect, and pooled over body size) varied significantly for different combinations of month and site (Fig. 6a, Table 3 ). Nevertheless, there was a general pattern across sites, whereby proportion female was highest in June, and had another peak, though smaller, in winter. Mean adult size at all sites showed a peak only in June (Fig. 6c) . The correlation between proportion female and mean adult size was significant for Daniels Flats (r 18 5 0.68, P , 0.05) and Minudie (r 18 5 0.63, P , 0.05), but not for Avonport Beach (r 16 5 0.31, P . 0.05). Most of the random variation in proportion female was between sites (Table 3) . Random variation between transects (error term) and due to the interaction between month and site was intermediate.
During the reproductive period between May and August, most small females (4-5 mm) were not ovigerous (Fig. 7) . The smallest ovigerous female we found was 4.8 mm body length. Proportion ovigerous (calculated by pooling all samples within a site) increased sharply with body size, such that a relatively large proportion (, 50%) of females larger than 7 mm were ovigerous. Proportion ovigerous (calculated per transect, and pooled over body size) varied significantly for different combinations of month and site (Fig. 6b, Table 3 ). Daniels Flats and Minudie had a similar pattern with proportion ovigerous peaking in June. Avonport Beach however had the highest proportion ovigerous in May. Similarly to proportion female, the correlation between proportion ovigerous and mean adult size was significant for Daniels Flats (r 8 5 0.89, P , 0.05) and Minudie (r 8 5 0.95, P , 0.05), but not for Avonport Beach (r 6 5 0.64, P . 0.05). Most of the random variation was attributed to the interaction between Fig. 2 . Mean (6 SE, n 5 7-12 samples) total density of Corophium volutator: visualization of variation between samples (SE), transects, and sites in the upper Bay of Fundy. The data were transformed using log 10 (datum + 0.01). month and site (Table 3) . Random variation between sites and between transects was intermediate.
Variation in Fecundity in Corophium volutator
There was a strong positive relationship between the number of stage A embryos per female and female body length (Fig. 8a) . Site did not affect this relationship (Table 4) , whereas month did. Specifically, number of embryos increased more sharply with body length in June than in other months within the reproductive season. The slopes were not significantly different for the months of May, July and August (P 5 0.401). For June, females less than 7.4 mm in body length did not differ from similarsized females in other months, whereas females greater than 7.4 mm produced more embryos than similar-sized females in other months. Embryos of stage B were observed mostly in June, July and August (only 2 females with stage B embryos were seen in May). The relatively tight relationship for number of embryos of stage A and female size began to fall apart for embryos of stage B (Fig. 8b) , although there was still a significant regression (slope 5 9.93 6 2.63, intercept 5 239.84 6 20.29, R 2 5 0.24, d.f. 5 1, 45, P , 0.001). Site and month did not significantly affect this relationship (Table 4) . Embryos in stage C and newly hatched juveniles (stage D) were seen only in June, July and August. There was no clear relationship between number of embryos in stage C and female size (P 5 0.126), and a weak relationship between number of juveniles in stage D and female size (slope 5 5.43 6 2.30, intercept 5 223.53 6 17. 44, R 2 5 0.41, d.f. 5 1, 8, P 5 0.046). These latter relationships must be regarded with caution as we had much less data than for the previous stages, and small juveniles in stage D start to leave their mother (Fish and Mills, 1979) . Given the change in slope in the relationship of number of embryos per female and female body length as embryo development advances, the amount of embryo loss between stages A and C or D was not consistent for different female sizes. If we pool over female size (as done in Fish and Mills, 1979; Peer et al., 1986) , average (6 SD) brood size for females in stages A, B, C and D was 40.1 6 20.1 (n 5 87), 35.8 6 22.9 (n 5 48), 29.3 6 11.8 (n 5 11) and 17.4 6 8.6 (n 5 10) embryos, respectively, and estimated embryo loss between stages A and C was 27%. Table 3 . Results of mixed-model ANOVAs for proportion of individuals that were juveniles, proportion of non-intersex adults that were females, proportion of females that were ovigerous, and mean adult size (mm) for 3 or 4 sites, Daniels Flats, Grande Anse, Minudie and Avonport Beach, in the upper Bay of Fundy, Canada, between May 2000 and May 2001. Samples were pooled over transect, and so the error term referred to transects. Proportion ovigerous was analysed for months in the reproductive period. Proportion juvenile was transformed using exponent 1.5, and proportion ovigerous using square root. Because the proportion variables were not independent, the critical a level was adjusted to 0.017 (0.05/3 analyses) to maintain an overall experiment-wise error rate of 0.05. Mean adult size, which was independent of the other variables examined, retained a critical a of 0.05. Variance components were estimated for random effects only. 
DISCUSSION
Our study indicated that most of the spatial variation in demographic variables of Corophium volutator in the upper Bay of Fundy is at the scale of sites (mudflats) and of samples (metres). At the scale of transects (hundreds of metres), spatial variation in the population variables, although significant, is relatively low. The annual pattern in density of C. volutator observed at our sites is fairly characteristic of mudflats visited by migratory shorebirds in summer in the upper Bay of Fundy (Gratto et al., 1983; Peer et al., 1986; Wilson, 1989; Matthews et al., 1992) . Since there is a strong pattern, reflecting the life history and perhaps the effect of lunar phase (Fish and Mills, 1979; Gratto et al., 1983; Peer et al., 1986; McCurdy et al., 2000a; Drolet and Barbeau, 2009 ), underlying differences between months within a year, ''Month'' in our analysis had to be a fixed factor; therefore, it could not be included in the estimation of component variances. Conversely, ''Year'' does contribute to random variation in the population variables of C. volutator, since there is no characteristic pattern underlying differences between years. Our study indicated that temporal variation at the scale of consecutive years is low.
Spatial Variation in the Annual Density Pattern of Corophium volutator
The characteristic annual pattern mentioned above appears partly related to the synchronizing effect of the intense, short and predictable period of shorebird predation on the life history of C. volutator populations, since this pattern is not observed on mudflats not visited by shorebirds (Matthews et al., 1992; Hilton et al., 2002) . This pattern for density of adults ($ 4 mm body length) consists of an increase in May as over-wintering juveniles mature, and a decrease in June as over-wintering adults grow and die, possibly due to fish predation or natural mortality (Peer et al., 1986; Wilson, 1989; McCurdy et al., 2005) . Adult density peaks in July as the summer generation born in June quickly reaches maturity. It then dips around the time of arrival of migratory shorebirds in mid-July to mid-August, though shorebird predation appears only partly responsible (Hamilton et al., 2006) ; fish predation and other causes of mortality may again be contributing processes (Wilson, 1989; Matthews et al., 1992; Flach and de Bruin, 1994) . Adult density increases in the fall as juveniles born in midto late summer grow, and decreases in winter, possibly due to freezing and scouring of the surface sediments by ice blocks (Gordon and Desplanques, 1983; Wilson, 1989; Partridge, 2000) . We detected a significant Month*Site interaction, indicating differences in this annual pattern between sites. For example, the decrease in adult density following the July peak was sharper (Avonport Beach) or shallower (Daniels Flats) than average. Peer et al. (1986) also observed differences between sites. For example, they observed a July peak in adult density followed by an August decline in only 4 of their 6 sites in Chignecto Bay. Most of the random variation in adult density was not accounted for by the Month*Site interaction (10.5%) in our study, but by variation between sites (40%), reflecting disparity in overall adult numbers at one site (Grande Anse) compared to other sites, and between samples (45%). Density of juveniles (, 4 mm body length) at different sites has not been clearly described in previous studies for the upper Bay of Fundy (except for Avonport Beach (Wilson, 1989) and Pecks Cove (Peer et al., 1986) ). This is related to the bigger mesh size of sieves used in most of these studies (425 to 850 mm) compared to that in our study (250 mm), and the consequent loss (, 90%) of small juveniles (Crewe et al., 2001) . The pattern in juvenile density over our second sampling year was fairly clear and consistent between sites, resembling an inverted parabola. Nevertheless, there were differences between sites (a significant Month*Site interaction) and a large site effect (48% of the random variation). The August peak was sharper (Grande Anse and Avonport Beach) or more prolonged (Daniels Flats and Minudie) at some sites than others. As well, juvenile density deviated from a smooth increase at Avonport Beach (July) or smooth decrease in Grande Anse (September). Finally, proportion juvenile at Avonport Beach showed a sharper decrease over the fall and winter, as juveniles grew larger than 4 mm earlier than at other sites.
Variation across Years in Density of Corophium volutator
The effect of year and interactions with year explained only a relatively small proportion of the random variation in total density of C. volutator in our study. Indeed, the temporal pattern in adult density over three consecutive springs was consistent at Minudie. The biggest difference between years seemed to be at Grande Anse: the temporal pattern in adult density was similar to the characteristic annual pattern in our first sampling year (1999) (2000) , but was not clear in our second (2000) (2001) . Juvenile density also showed some difference between years at Grande Anse and Minudie: peak density in our first sampling year was in July rather than August. Peer et al. (1986) observed larger differences between consecutive years (1978, 1979) at their focal site (Pecks Cove) than we did: they estimated a difference of , 45% in production of C. volutator (mg dry weight m 22 , estimated from size frequency distributions and densities) between years. Based on a long-term monitoring program in the Dutch Wadden Sea, variation in C. volutator density was fairly stable (, 50% coefficient of variation) for many years (1974 -1990 Beukema and Flach, 1995) .
Dramatic changes in C. volutator density over years have been observed in the past, both in Europe (e.g., early 1990s in the Wadden Sea; Jensen and Mouritsen, 1992; Beukema and Flach, 1995) and in the Bay of Fundy. For example in the upper Bay of Fundy, adult densities at Grande Anse in the late 1970s and early 1980s were high, attaining 10,000 m 22 (Peer et al., 1986) . Then in the late 1980s or early 1990s, the densities crashed and remained low until 2006 (typically , 1000 adults m 22 ; Shepherd et al., 1995; Hamilton et al., 2003; Sprague et al., 2008 ; our study). In our most recent samplings (July 2007 and 2008) , density of C. volutator (juveniles + adults) at Grande Anse was fairly high again (6190 6 650 and 6880 6 580, respectively, individuals m 22 ; Barbeau, unpublished data). As well, the high summer densities observed in Avonport Beach in 1979 , 1985 (Gratto et al., 1983 Wilson, 1989; Hamilton et al., 2006 ; this study) were not observed in 2004 or 2006 (, 1000 individuals m 22 ; Sprague et al., 2008; Barbeau, unpublished data) . A reverse situation has been observed with the establishment of the Windsor mudflat in Minas Basin after 1970, and the subsequent colonization by C. volutator (reaching average densities of , 15,000 m 22 in 1997; Miner, 1997 in Partridge, 2000 . In sum, over 2-3 consecutive years, we observed low temporal variation. However, our study does not rule out the occurrence of larger temporal variation over longer time scales, as surmised by comparing studies conducted at the same sites, but in different decades.
Number of Generations of Corophium volutator
Previous inspection of size distributions of C. volutator has led to general acceptance that there are 2 generations, a first, slow-growing, over-wintering generation and a second, fast-growing summer generation, in the upper Bay of Fundy, and only 1 generation at the mouth of the Bay where summer temperatures are colder (Gratto et al., 1983; Peer et al., 1986; Wilson, 1989; Mathews et al., 1992) . The number of generations of C. volutator in other parts of the world (Europe, Japan) varies between 1 and 4 (McClusky, 1968; Fish and Mills, 1979; Mőller and Rosenberg, 1982; Omori and Tanaka, 1984; Flach, 1992) . Close examination of our and Peer et al. (1986) 's data sets indicated that there may be a 3 rd generation, i.e., a late summer generation, in the upper Bay of Fundy. By early and mid-July in both these studies, 3 cohorts were present: the large-sized overwintering cohort (with ovigerous females), the early June cohort (with ovigerous females) and the new July cohort. Based on a growth rate of 0.1 mm d 21 observed in laboratory at , 17uC (Hilton et al., 2002) , C. volutator can grow from 1.0 mm to 5.0 mm in 40 d. Growth rates can be faster in the field, based on shifts in size-distribution modes in May-early July (Peer et al., 1986 ; our study). Thus, the new July cohort should have time to grow to reproductive size by August, although interpretation of size distributions at that time is difficult. The difficulty comes from an apparent static mode at around 2-3 mm body length from mid-July to mid-August, which has been attributed to the continual recruitment of young amphipods and selective predation by shorebirds on amphipods larger than 4 mm (Peer et al., 1986) . Actually, summer cohorts released in July and August are likely mixtures of second and third generations, since females can produce multiple broods (Fish and Mills, 1979) and cohorts can have multiple times of releasing juveniles (Gratto et al., 1983; Peer et al., 1986 ; our study). Mathematical modeling would help assess the number of generations; Omori and Tanaka (1984) did conduct such a mathematical analysis for a Japanese population of C. volutator, based on growth rates measured from amphipods held in field cages and estimates of survival. They determined that a number of peaks in density at given body sizes were composed of overlapping generations and that there were 4 generations per year, whereas simple examination of population densities and size distributions indicated that there were at least 2 generations per year.
Comparison of population structures for our sites in Chignecto Bay and Minas Basin suggested that there may be some variation between sites. For example, there may be a larger proportion of 3 rd generation in the later summer cohorts at Avonport Beach than at our other sites, because the dynamics were faster. Our reasoning was as follows: the over-wintering generation in a given month was larger in body size at Avonport than at our other sites and appeared almost gone in July. Further, most of the reproductive females in July were from the first summer cohort at Avonport. Thus, the later summer cohorts were most likely born from the early summer cohorts and would have had time to grow to then be producing a significant proportion of the new over-wintering generation.
Variation in Reproductive Biology of Corophium volutator
The sex ratio in populations of C. volutator in the upper Bay of Fundy is biased towards females with a reported range of about 2 to 20 adult females for every adult male (Peer et al., 1986; Boates and Smith, 1989; Matthews et al., 1992; Schneider et al., 1994) . In Europe, some populations show a female bias (Watkin, 1941; Flach and de Bruin, 1993) , whereas others do not (Flach, 1992) . In our data set, out of 11,314 adult males and females measured ($ 4 mm body length) and sexed, we observed an overall sex ratio of 2.30 females per male, but with a range of 0.96 to 21.50 females per male for different combinations of site and month (average of 300 adults and range of 13 to 923 adults per calculated ratio). If intersex individuals (Barbeau and Grecian, 2003) , which act as males (McCurdy et al., 2004) , are included in the calculation, we calculate an overall sex ratio of 2.17. The female-biased sex ratio is also observed amongst juveniles (Schneider et al., 1994) , and may be partly due to parasitic sex ratio distortion by a newly discovered microsporidian found in females but rarely in males (Mautner et al., 2007) .
Female bias amongst adults generally increased with size class for all months. Therefore, the high proportion of females in mid-June in our and other studies in the upper Bay of Fundy (Peer et al., 1986; Matthews et al., 1992) was not surprising given the high mean adult size at that time. Peer et al. (1986) and Matthews et al. (1992) also observed increased female bias in mid-August, which we did not observe and which would not correlate with body size. Peer et al. attributed their observed increases in female bias to increased selective predation on male amphipods by fish and/or shorebirds at those times. Males appear more vulnerable to predation because of their crawling behavior on the surface in search of receptive females in burrows (Fish and Mills, 1979; Boates et al., 1995; Forbes et al., 1996) . However, the relationship between male crawling behavior during the reproductive period and selective predation is not straightforward, because most of the crawling activity occurs immediately after the tide recedes (Boates et al., 1989; Boates et al., 1995 ; but see Lawrie and Raffaelli, 1998 , for a population in the UK), thus limiting selective predation by fish. (We are currently quantifying sex ratios of C. volutator amphipods swimming in the water column at high tide to help assess availability of C. volutator prey types to fish.) As well, males dramatically reduce crawling behavior in day-time upon the arrival of migratory shorebirds, thus limiting their vulnerability to bird predation (Boates et al., 1989; Boates et al., 1995; McCurdy et al., 1997) . Another partial explanation for the increase in female bias with adult size, in both reproductive and non-reproductive periods, is that males simply die more quickly than females; this was observed in laboratory (McCurdy et al., 2000a) and is presumably related to differences in energy allocation between growth, survival and reproduction in males compared to females.
The sex ratio of C. volutator differed between sites. Small adults were more strongly female biased at one site (Avonport Beach) than at the other sites. This may be related to different levels of parasitic infection, perhaps the microsporidian parasite, between sites. Differences in infection prevalence by macroparasites (nematodes and trematodes) have been previously observed between sites in the upper Bay of Fundy; these parasites are unlikely to contribute to the bias in sex ratio since prevalence was similar between male and female amphipods (McCurdy et al., 1999a; 1999b , 2000b . We now need to assess the prevalence of microparasite infection between sites, since our study indicated that most of the random variation in proportion female was attributed to the site effect.
Ovigerous females are typically observed between May and August in the upper Bay of Fundy (Peer et al., 1986; Matthews et al., 1992 ; our study). However, we did collect 2 and 1 ovigerous females in September and October, respectively, in Avonport Beach, but we collected none at the sites in Chignecto Bay. Within the main reproductive season, Peer et al. (1986) , with their frequent (weekly) sampling at one site (Pecks Cove) in 1979, observed that proportion ovigerous increased from 0.01 in early May to 0.80 in mid-June, and then declined with some small peaks in mid-July (0.34) and in mid-August (0.17). Matthews et al. (1992) also observed a peak in mid-June (0.68), but then saw a fairly high proportion ovigerous from mid-July through August (ranging between 0.40 and 0.81) at Starrs Point. In our coarser monthly sampling, we also detected a peak in proportion ovigerous in June compared to May, July and August (specifically, in Daniels Flats and Minudie). Given that proportion ovigerous increases with female size, the peak in proportion ovigerous in June may be partly explained by the concurrent peak in body size. However, not all of our sites showed this pattern, and, indeed, most of the random variation in proportion ovigerous was associated with the interaction between month and site. At one of our sites (Avonport Beach), proportion ovigerous tended to be higher in May than in other months, and was not correlated with body size. Forbes et al. (2006) observed a higher proportion of ovigerous females in June (0.81) than in July (0.52) at four sites (Grande Anse, Pecks Cove, Starrs Point and Blomidon). In their study, they could not fully attribute the higher proportion ovigerous in June to larger body size of females since female size was not consistently larger in June than in July at all sites. Rather, they showed that for a given density of females of reproductive size (defined as $ 5.5 mm body length in their study), there were twice as many males of reproductive size (defined as $ 7.0 mm body length, based on the size of crawling males; Forbes et al., 1996) in June than in July. If we recalculate sex ratios in our data set using the same size limits as Forbes et al. (2006) , we also observe that the peak in proportion of ovigerous females coincides with when there are more very large males per reproductive female: 0.14 males per female in June vs. , 0.06 in other months for Daniels Flats, 0.23 in June vs. , 0.16 in other months for Minudie, and 0.37 in May vs. , 0.13 in other months for Avonport Beach. This, in combination with the strong female-biased sex ratio and other characteristics of C. volutator reproductive biology (McCurdy et al., 2000a; Forbes et al., 2006) , is consistent with the hypothesis that males may be limiting at certain times of the reproductive period. Brood sizes of C. volutator females in our study were similar between sites, but not between months. Females with stage A embryos, and larger than 7.4-mm body length, had larger broods in June than those in other months. Peer et al. (1986) and McCurdy et al. (2001) also estimated the relationship between number of stage A embryos and female size for their site (Pecks Cove and Blomidon, respectively), and their data sets exactly overlapped ours. However, they did not examine the effect of month (Peer et al. did not indicate in which month their females were collected, and McCurdy et al. collected females only in July). Differences in brood size between months for given female sizes were also observed in a C. volutator population in the UK, and it was suggested that metabolic response of amphipods to differences in temperature and nutrient transfer to the gonads led to these differences (Fish and Mills, 1979) . For populations in the upper Bay of Fundy, Forbes et al. (2006) predicted that, as a result of male mate limitation, brood size should be larger in June when more reproductivesized males (defined as $ 7 mm body length in their study) were available per reproductive-sized female (defined as $ 5.5 mm) than in July. They indeed observed larger stage A broods for given female sizes in June than July at their four field sites. They then ran a laboratory experiment where single males were housed with either one or five receptive females, and observed that brood size was bigger when males mate with one female only than with multiple females. So, there is increasing support for the idea that density of large reproductive-sized males influences the reproductive dynamics of C. volutator in the upper Bay of Fundy. To help further assess this, the actual size at which males become reproductively important should be examined.
In our study, brood size in the later stages of embryo development in C. volutator did not show as strong an effect of female size, and no effect of time within the reproductive period. Smaller sample sizes and inconsistent loss of embryos by females reduced our power to detect such effects. Embryos of stage A are held in a pair of transparent sacs, whereas for stages B and C, the sacs are broken or absent (Peer et al., 1986) . This developmental feature, in combination with the passage of time, make it more likely that embryos of later stages will be lost (accidentally or by active ejection; e.g., Dick et al., 1998) . Our estimate of brood loss (27%) was similar to that of Peer et al. (1986; 25% for Pecks Cove) and Fish and Mills (1979;  26% for a population in the UK), but lower than that of McCurdy et al. (2001; 39% for Blomidon) . The fate of embryos as they develop and possible variation been months and sites need to be examined more in detail in the future.
Conclusions and Implications
In conclusion, random variation in demographic variables for C. volutator in the upper Bay of Fundy was greatest at the scale of mudflats and at the scale of samples. It was much less at the scale of transects. The component variance for transects calculated for our study was similar to that calculated in a focused study of one mudflat (Pecks Cove; Drolet and Barbeau, unpublished data) . In the latter study conducted between May and November 2006 and sampled 7 times along 7 transects (550-m long and 22 core samples per transect), the component variances for transects and samples were 0.022 and 0.442 for log 10 (total density + 0.01), respectively; this represented 4.6% and 91.9%, respectively, of the random variation (the rest of the random variation, 3.5%, was attributed to the interaction between time and transect).
The implication of our work with regards to the ecology of C. volutator is that patchiness in distribution within site is mostly at the scale of samples (metres), and may partly reflect differences in tidal emergence time or other factors varying with intertidal height, or spatial heterogeneity at that scale, e.g., tide pools (Drolet and Barbeau, 2009 ). Patchiness at the scale of transects (100s of metres) is relatively small, possibly because transects (which were perpendicular to the mean low water line) integrate across intertidal height. Studies in Europe have also found that C. volutator amphipods were aggregated at small scales (, 1 m; Flach, 1992; Lawrie et al., 2000) . We are currently quantifying in greater detail the scale(s) of the within-site variation in demographic variables of C. volutator in the upper Bay of Fundy, both perpendicular and parallel to the low water line (Drolet and Barbeau, in prep.) .
Based on our work, sampling transects perpendicular to the low water line provides a good representation of general density of C. volutator on a mudflat, and there seems to be little need to have many transects. (Hamilton et al. (2003) discussed merits of long transects perpendicular to the low water line vs. transects parallel to it.) We recommend at least 3 transects per mudflat to ensure sufficient replication at the transect level, particularly if there are few sampling times. With our many sampling times (10 per year), we actually found that 2 transects per site provided sufficient power to detect differences. In contrast, one needs many samples per transect, since variation is high between samples. Based on our work and analysis of another data set testing different levels of within-transect replication (Ginn and Hamilton, unpublished data), one should have at least 8 samples per transect. A researcher should however conduct power analyses to determine the appropriate level of replication for the sought effect size (Underwood, 1997; Zar, 1999) . Currently and in the past, there has been much interest in assessing possible impacts of human activities on C. volutator and mudflat ecology in the upper Bay of Fundy (Gordon and Dadswell, 1984; Wells et al., 2004) . Appropriate designs for impact assessment studies need to include multiple reference (control) sites, even if only one impacted site is available for a study (Underwood, 1992) . This ensures that one can quantify natural variability and thus have a much more powerful design to reliably detect an impact. The wide variation that we observed across mudflats demonstrates a clear need for multiple control sites to obtain a good measure of natural variation.
